Abstract -A central feature of heart disease is a molecular remodeling of signaling pathways in cardiac myocytes. This study focused on novel molecular elements of MAP kinase-mediated alterations in the pattern of gene expression of the protein phosphatase, PP2A. In an established model of sustained JNK activation a 70% decrease in expression of the targeting subunit of PP2A, B56 , was observed in either neonatal or adult cardiomyocytes. This loss in protein abundance was accompanied by a decrease of 69% in B56 mRNA steady-state levels. Given that the 3'-untranslated region of this transcript contains AU-rich elements known to regulate mRNA degradation, experiments explored the notion that instability of B56 mRNA accounts for the response. mRNA time course analyses with real time PCR methods showed that B56 transcript was transformed from a stable (no significant decay over 1 hr) to a labile form that rapidly degraded within minutes. These results were supported by complementary experiments that revealed that the RNA-binding protein AUF1, known to destabilize target mRNA, was increased 4-fold in JNK-activated cells. A variety of other stress-related stimuli, such as p38 MAP kinase activation and phorbol ester, upregulated AUF1 expression in cultured cardiac cells as well. In addition, gel mobility shift assays demonstrated that p37 AUF1 binds with nanomolar affinity to segments of the B56 3'-untranslated region. Thus, these studies provide new evidence that signalinginduced mRNA instability is an important mechanism that underlies the changes in the pattern of gene expression evoked by stress-activated pathways in cardiac cells.
Introduction
The tissue remodeling manifest in heart failure is accompanied by molecular remodeling, which includes changes in the balance of intracellular signaling cascades.
A classic example of this is seen in the desensitization of -adrenergic signaling which is observed in animal models and human heart failure (12) . In addition, stress induced molecular remodeling involves the mitogen-activated protein kinase (MAPK) pathway which enhances hypertrophic growth (18).
It is now appreciated that there is a regulated balance between kinases and phosphatases that is crucial to normal cell function. Any disruption of this balance, including alteration in phosphatase activity, can lead to cellular dysfunction and disease.
For example, overexpression of the catalytic subunit of PP2A, PP2Ac, in the cardiac myocytes causes depressed contractile function, dephosphorylation of key contractile proteins and hypertrophy (9) . Targeting of this phosphatase is also important as transgenic mice expressing a dominant negative mutant of the scaffold/regulatory A subunit of PP2A, unable to bind targeting B subunits, resulted in mislocalization of PP2A and dilated cardiomyopathy (6) .
antibodies the immunoblots were developed using SuperSignal® Chemiluminescence detection method (Pierce).
Dot Blot Protocol
Neonatal rat cardiac myocytes were transiently transfected with adenovirus (Ad-MKK7D or Ad-dl312) and total RNA was isolated using Trizol reagent according to the manufacturer's instructions (Invitrogen). RNA (2 µg) was fixed to nylon membranes (Amersham) and hybridized with 32 P-labeled oligonucleotide DNA probes specific for GAPDH, atrial natiuretic factor (ANF), or -skeletal-actin (24) . Results were quantified using a Storm Phosphoimager (Molecular Dynamics).
Luciferase Reporter Assay
Isolated neonatal rat cardiac myocytes (5 X 10 5 ) were seeded onto 60 mm dishes and transiently transfected with Ad-MKK7D or Ad-dl312 for 1.5 hours. Media was replaced with 5% fetal bovine serum in DMEM. Plasmids containing the human B56 gene or Gal gene (control) with either the -3500 -myosin heavy chain-luciferase promoter (Gift from F. Haddad) or -3003 ANF-luciferase promoter (Gift from I. Farrance) were then transiently transfected overnight using FUGENE 6 (Roche). The following day the media was changed to DMEM supplemented with insulin, transferrin, selenium (1%) and penicillin-streptomycin (2%). Cells were cultured for 24 hours and then harvested in a passive lysis buffer (Promega). Promoter activity was detected with a dual luciferase kit (Promega) using thymidine kinase renilla as the normalization control according to manufacturer's instructions.
Immunocytochemistry
Ad-d1312 or Ad-MKK7D (100 particles/cell) was transiently transfected into neonatal or adult rat cardiac myocytes on glass coverslips (1.6 cm diameter, density 4 X 10 5 ). Cells were cultured in DMEM (neonatal) or M199 medium (adult) supplemented with insulin, transferring, selenium and penicillin-streptomycin for 24 or 48 hours. Cells were fixed in 100% ethanol overnight at -20°C and then blocked for two hours at room temperature in 3% BSA and 5% normal goat serum in PBS. Cells were then incubated overnight with anti-B56 at 4°C (monoclonal, BD Biosciences). After 3 washes for 10 min each with PBS, cells were incubated for two hours with Alexa Fluor-488 goat antimouse IgG (Molecular Probes). Cells were examined with a laser scanning confocal microscope (63X objective; Carl Zeiss, Inc.). Control experiments were done without the primary antibody.
RT-PCR
Total RNA was isolated using Trizol reagent from neonatal or adult rat cardiac myocytes infected with Ad-dl312, Ad-MKK7D and Ad-B56 . Primers specific for B56 (forward primer: 5'-CTTGAGGCCTCTTGGCCTCACATAC-3' and reverse primer: 5'-GCTGAGAATACTGTGCATGTTGTAAGC-3') or B56 1 (forward primer: 5'-AGGATGGTGGTGGATGCGG-3' and reverse primer: 5'-CACTCCCGAGTTACTCTCTT-3') were used to amplify a 1090 and 1032 base pair fragment respectively by reverse transcriptase-PCR (RT-PCR). A Superscript III RT-PCR with Platinum Taq (Invitrogen) kit was used for reactions at an annealing temperature of 56°C for B56 primers and 52°C for B56 1 primers. Products were amplified up to 50 cycles.
Ribonuclease Protection Assay
RT-PCR was used to generate probes towards the C-terminal end (upstream primer: 5'-TTTCCAAAGAACACTGGAATCAGACTA-3' and downstream primer: 5'-GCTGAGAATACTGTGCATGTTGTAAGC-3') of the rat sequence of B56 to yield a 237 base pair fragment with the following sequence: 5'-TTTCCAAAGAACACTGGAA TCAGACTATTGTAGCTCTGGTATACAACGTGCTGAAAACCCTAATGGAGATGAACG GGAAGCTTTTTGATGACCTTACTAGTTCCTACAAGGCTGAAAGACAGAGAGAGAAG AAGAAAGAACTGGAACGCGAAGAATTATGGAAAAAGTTAGAAGAGTTGAAGCTGAA GAAGGCTCTAGAGAAACAGAACAATGCTTACAACATGCACAGTATTCTCAGC-3'.
The size of the probe was verified by gel electrophoresis and the product was subcloned into the pGEM-T Easy vector (Promega). The ligated vector containing the probe was electroporated into DH5 F' E.coli cells. These linearized probes were in vitro transcribed with SP6 RNA polymerase using MAXiscript kit (Ambion) and labeled with 32 P-UTP (Perkin Elmer).
Total mRNA from cells infected with Ad-dl312 or Ad-MKK7D was isolated using Trizol reagent. The RNA pellet was resuspended in 50 µl of water and annealed to 1fmol of labeled B56 probe overnight at 42°C using RPA III kit (Ambion). The following day the unprotected RNA was digested and the protected fragment was resolved on a 5% polyacrylamide gel containing 7 mol/L urea. The gel was dried, exposed to a phosphoimager screen and analyzed. Untreated probe was run as a control. For loading control of RNA, samples were run on a formaldehyde/agarose gel and 18S was detected and quantitated by ethidium bromide staining.
Real time PCR
Total RNA was extracted using Trizol as described above. RNA was subjected to DNase treatment (DNase free kit, Ambion) and 0.5 µg of total RNA was reverse transcribed using Superscript III reverse transcriptase (Invitrogen). Primers used for the RPA probes were also used for Real time PCR. The reaction yielded a 237 bp fragment which was detected on a 1% agarose gel. 18S primers from Ambion were used for internal control for normalization. DNA was amplified using Taq Pro DNA Polymerase (Denville) and products were measured using the MJ Research real time thermocycler.
SYBR Green I (Molecular Probes) was used to detect the DNA products. Both sets of primers were amplified using the same annealing temperatures using the following program: hot start to activate the polymerase at 95°C for 5 min, 95°C (30 s), 55°C (45 s), 68°C (45 s) for 50 cycles and 72°C for 2 min. A melting curve was performed to ensure that there were no primer dimers and that there was a single product. All samples were run in triplicate. The changes between the treated samples and untreated samples were based on the threshold (C T ) which is set when there is a clear detectable increase in fluorescence. To measure the fold change between control and treated samples, C T was calculated where C T = (C T treated-C T treated internal) - 
Results

Expression of MKK7D induces features of stress in cultured myocytes
In order to study the link between JNK and PP2A signaling in the heart, we used an established cellular paradigm of JNK activation, overexpression of a constitutively active upstream activator, MKK7 (30). As shown in Figures 1 and 2 , overexpression of 3B ). Expression of GAPDH, a typical control gene, was also elevated in these cultures, but ANF and -skeletal-actin were increased even when normalized to this control.
Other studies showed that JNK activation was accompanied by 2.5-fold and 3-fold increases in -MHC-luciferase and ANF-luciferase activities respectively ( Figure 3C ). 
Expression of MKK7D causes a decrease in B56 expression in neonatal and adult cardiac myocytes
Since MAPK signaling is known to be associated with PP2A activity, sustained JNK activation might alter PP2A at the molecular level (1; 13; 17; 28). While activation of JNK did not alter expression of PP1, or the catalytic and scaffolding subunits of PP2A, PP2Ac and PP2A/A respectively, in the cytosolic fraction, there was a marked decrease in the PP2A targeting subunit, B56 in both the cytosolic and membrane fractions ( Figure 4A ). As shown in summary data in Figure 4B , B56 protein decreased by 73% and 54% in the cytosolic and membrane fractions respectively. Since this B subunit has a distinct pattern of localization in cultured cardiac myocytes (10), it was possible that there was a selective loss in B56 in particular subcellular sites. However, confocal image analysis revealed that there was a global loss of B56 throughout these cells ( Figure 4C ). Although PP2Ac and PP2A/A increased 2-fold in the crude membranes it does not reflect a marked change in the total cell protein expression since only 5.4% of the total cellular PP2Ac and PP2A/A reside in this fraction. Thus sustained JNK activation leads to a marked decrease in B56 expression without altering levels of the catalytic or scaffolding subunits of PP2A.
A series of parallel experiments were performed in cultured adult ventricular myocytes. As shown in Figure 5 , Western blot analyses revealed that B56 is decreased by 60% in MKK7D-transfected adult cells as well. Figure 5C shows representative transmitted light microscopic images of cells infected with virus after 24
and 48 hrs demonstrating that cells retain rod-shaped structure with no morphological indications of cell toxicity or death. Thus, the loss in B56 abundance is also seen in adult cells in response to MKK7D expression.
Effect of JNK activation on B56 protein stability
Studies have shown that intracellular B56 proteins can be unstable unless bound to their cognate binding partners, PP2A/A and PP2Ac (27) . Accordingly, studies were Figure 6A ). However, modest increases in phospho-JNK were seen in MKK7D-expressing cells at 8 hr. Importantly, Figure 6B shows that B56 is relatively stable in both control and MKK7D cells when treated with cycloheximide. The corresponding summary data in the semi-log plot in Figure 6C shows that there was no significant loss in protein over 4 hrs. However at 8 hrs B56 decreased about 40% in JNK activatedcells, a value significantly greater than that seen in control values. Longer incubations may have further resolved this increased protein instability but cycloheximide was toxic beyond 8 hrs. Overall protein instability may account for part of the decrease seen in B56 it is likely that other mechanisms are also involved.
Effects of JNK activation on B56 mRNA levels
It was possible that alterations in mechanisms in protein expression prior to translation might underlie the decreases in B56 . As decreases in B56 mRNA could also contribute to loss of protein, an RT-PCR approach was developed to qualitatively examine this notion. In a positive control, mRNA amplified from cells that were infected with adenovirus that overexpresses B56 yielded an expected more abundant PCR product compared to naive cells ( Figure 7A ). As shown in Figure 7A , 
JNK activation causes an increase in AUF1 expression
The observation that ARE segments are found in B56 mRNA combined with marked increase in B56 mRNA instability in JNK-activated cells suggested that AUF1
proteins were involved in this response. This model was explored by examining AUF1 protein expression following JNK activation. As shown in the Western blot in Figures   11A and 11B, in MKK7D-expressing cells there is a 4-fold increase of all four AUF1 protein isoforms. Interestingly, the response is also seen in another cellular stress model, p38 MAPK activation in MKK6E overexpressing cells (30) in which AUF1 increases are also accompanied by decreases in B56 protein ( Figure 11B and 11C).
In fact this response, where a decrease in B56 expression is accompanied by an increase in AUF1levels, is broadly seen in several stress-activated pathways including PMA, serum, and LPS treatment ( Figure 11D ). In other parallel experiments hypertophic-like stimuli, angiotensin II, endothelin, or phenylephrine failed to alter expression of either protein (data not shown). Thus, induction of AUF1 protein expression appears to be a central feature of some stress activation pathways and may play a role in the regulation of gene expression seen in JNK-activated cells.
AUF1 Binding to 3'-UTR of B56
The increase in AUF1 supports the idea that this protein contributes to mRNA shown in Figure 12 . 3'-UTR region #4 which contains many putative AREs, including a nonamer sequence (Figures 9 and 12A) , displays a significant shifted species with a concomitant loss of free probe even in the 10 nM range ( Figure 12E ). This binding is consistent with high affinity interactions between AUF1 and other known unstable transcripts such as c-myc (8) . In addition, 3'-UTR regions #1 and 3, which contain putative AUF1 binding sequences ( Figures 9 and 12A ), also display significant protein binding which is most prominently seen at 25 nM ( Figures 12B and12D) . There was less protein interactions evident with #2 ( Figure 12C ) while there was no gel shift with the negative control sequence ( Figure 12F ). The free probe for 3'-UTR region #2 appeared as doublet which is probably due to alternative conformations of this 175 base length probe. Note that this doublet is also evident in lane with no protein added so it is not explained as a protein-RNA complex. The diffuse banding observed for the binding complexes is likely due to the dissociation of RNA-protein complexes in the gel which unlike DNA gel shifts could occur within minutes even at low temperatures (4°C), as previously observed (33). In order to confirm the specificity of the interactions, cold competition binding assays were done with part of the TNF 3'-UTR sequence which contains a high affinity binding site for AUF1 (Fig. 12G) (32) . A segment of the coding sequence of -globin served as a negative control (32). The results in Fig. 12G show that TNF ARE was sufficient to significantly compete with #4 3'-UTR B56 RNA for AUF1 ( Figure 12G ). Further at 1000-fold excess concentration most of B56 probe exists as a free species ( Figure 12G ). In contrast, -globin does not compete with B56
for AUF1 and levels of gel shifted species remained constant with increases on the noncompetitor ( Figure 12G ). Taken together , these results indicate that p37 quantitative real time PCR was used to test the hypothesis that mRNA instability was important in B56 regulation. Consistent with this view, these studies revealed that JNK activation has a profound effect, transforming a transcript that is stable for at least one hour to a labile form that is substantially degraded within minutes. These results do not exclude a role of the B56 promoter, which has not been characterized at this date, and a decrease the rate of transcription. However, the presence of mRNA destabilizing sequences and the dramatic increase in mRNA turnover, provide compelling evidence that transcript destabilization is an important regulatory mechanism the decrease in B56 expression. .
If the ARE sequences were important in mediating the B56 mRNA instability then the conclusion from many studies predicts that increases in AUF1 protein expression should be seen (2; 11 Therefore, the binding of AUF1 to B56 combined with the observation that AUF1
protein is increased in human failing heart (23) reveal that it will be important to identify the regulatory mechanisms that stimulate AUF1 expression in cardiac cells.
The conclusion that AUF1 mediates mRNA stability seen here is strongly In conclusion, this study provides new insight into the mechanisms of protein expression evoked by stress-activated signaling cascades in heart. It is intriguing to speculate that signaling-induced mRNA instability, and perhaps its counterpart, mRNA stability, are associated with are range of cardiovascular pathologies including pressure overload, sepsis and ischemia. 
